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(54) Abstract Title 

Monitoring formation parameters using downhole sensors and controlling injection 

(57) For monitoring and controlling an injection operation, a plurality of optical fibre sensors (40) are 
distributed in a production well (102, 104), parameters of the formation between the injection well and the 
production well are determined from the fibre optic sensor measurements, and the injection of fluid into an 
injection well (106) is controlled according to the determined parameters. The change In pressure or fluid flow 
at the production well may be measured and related to the time and amount of fluid injection. Also acoustic 
signals indicative of fracturing of the formation may be detected. A plurality of sensors may used to monitor 
temperature, chemical properties, and the condition of downhole devices. 
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MONTFOBING OF DOWNHOLE PAKAMETERS AND TOOLS 
UTILIZING FIBER OPTICS 



5 



BACKGROUND OF THE INVENTION 



1. 



Field of the Invention 
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This invention rdates generally to oilfidd operations and more particulaify to systenis 



and methods utilizing fiber optics for momtoiing wellbore parameters, formation parameters, 



drilling operations, condition of dovmhole tools installed in the wdibores or used for drilling 
such wellbores, fi>r momtoring reservoirs and for monitoring of remedial work 

15 2, Background of the Art 



fonnation and wellbore parameters and form determining the operating or physical condition of 
20 downhole tools. 

Reservoir monitoring typically involves determining certain downhole parameters in 
produdng wellbores, such as temperature and pressure placed at various locations in the 
producing wellbore, frequently over extended time periods. Wireline tools are most commonly 
utilized to obtain such measurements, which involves shutting down the production for 
2 5 extended time periods to detemune pressure and temperature gradients over time. 

Seismic methods wherein a plurality of sensors are placed on the earth's surface and a 
source placed at the surface or downhole are utilized to obtain seismic data which is then used 



A variety of techniques have been utilized for monitoring reservoir conditions, 
estimation and quantities of hydrocarbons (oil and gas) in earth formations, for detemiination 
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:o update phor tl^^in-^nsionai (3-D'*) seismic maps. Tnree dim^^baJ rmps updated over 
tinie are sometoies referred to as "4-D" seismic maps. The 4-D maps provide usefiii 
inforniaticn about reservoirs and subsurface strucrure. These seismic methods .ire v€r>' 
expensive The vxoreline ructhcds are utilised at great time in:sr/als, thereby nor providing 
5 ccntinticus information about the weCbore conditions or that of the surrounding foncnations. 

Permarient sensors, such as temperature sensors, pressure serisors, accelerometers or 
hydrophones have been placed in the wellbores to obtain continuous informarlon for 
monitoring wellbores ^ind the reservoir Typically; a separate sensor .is. utilized for each type of 
parameter co be determined. To obtain such measurements from useful segn^encs of each 

10 wellbore, wluch may contain muldlateral vvefibcres, requires using a large number of sensors, 
which require a large amoimt of power, data acquisition equipment and relatively large amounc 
of space, which in maiTy cases is impractical or cose prohibitive. 

Li production wells, chemicals are often injected downhole to treat the producing 
fluids. However, it can be difficult to monitor and control such chemical injeaion in real time. 

15 Similarly, chemicals are typically used ai the surface to treat the produced hydrocarbons (i.e. 
break down emulsions) and to inhibit corrosioa However, it can be difficjk to monitor and 
control such treatment in reaJ time. 

Formation parameters are most commonly measured by measurement-whiie-driUing 
tools during the drilling of the wellbores and by wireline methods after the wellbores have been 

2 0 drilled. The conventional formation evaluation sensors are complex and large in size and thus 
require large tools. Additionally such sensors are very expensive. 
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^^art is also veiy defident in providing suitable and methods for monitoring 
the condition or health of dovynhole tools. Tool conditions should be monitored during the 
drilling process, as the tools are deployed in the wdlbore and after deployment, vrtiether during 
the completion phase or the produaion phase. 
5 The present invention addresses some of the above-described prior deficiencies and 

provides systems and methods which utilize a variety of fiber optic sensors for monitoring 
wellbore parameters, formation parameters, drilling operations, condition of dovmhole tools 
installed in the wdlbores or used for drilling such wellbores, for monitoring reservoirs and for 
monitoring of remedial work. In some applications, the same sensor is configured to provide 
10 more than one measurement, in many instances these sensors are relatively, consume less 
power and can operate at higher temperatures than the conventional sensors. ♦ 

SUMMARY OF THE INVENTION 

15 The present invention provides fiber optics based systems and methods for monitoring 

downhole parameters and the condition and operation of downhole tools. The sensors may be 
permanentiy disposed downhole. The light source for the fiber optic sensors may be disposed 
in the wellbore or at the sur&ce. The measurements firom such sensors may be processed 
downhole and/or at the surface. Data may also be stored for use for processing. Certain 

20 sensors may be configured to proAdde multiple measurements. The measurements made by the 
fiber optic sensors in the present invention include temperature, pressure, flow, Lquid level, 
displacement, vibration, rotation, acceleration, acoustic vdodty, chemical spedes, acoustic 
field, electric fidd, radiation, pH, humidity, electrical field, magnetic field, corrosion and 
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density. 




■ In one system, a plurality of spaced apart fiber optic sensors are disposed in the 
wellborc to take the desired measurements. The light source and the processor may be 
disposed in the wellbore or at the surface. Two way communication between the sensors and 
5 the processor is pro\dded via fiber optic links or by conventional methods. A angle light 
source may be utilized in the multilateral wellbore configurations. The sensors may be 
pennanently installed in the wellbores during the completion or production phases. The 
sensors preferably provide measurements of temperature, pressure and flow for monitoring the 
weUbore production and for performing reservoir analysis. 

10 

In anodier system the fiber optic sensors are deployed in a production wellbore to 
monitor the injection operations, fi-acturing and faults. Such sensors may also be utilized in the 
injection well. Controllers are provided to control tiie injection operation in response to the in- 
situ or real time measurements. 
15 In another system, the fiber optic sensors are used to detemwne acoustic pro^^ 

the formations including acoustic vdodty and travel time. These parameters are preferably 
compensated for the eflfects of temperature utilizing the downhole temperature sensor 
measurements. Acoustic measuremients are use for cross-well tomograjAy and for updating 
preexisting sdsmic data or maps. 
20 The distributed sensors of this invention find particular utility in the monitoring and 

control of various chemicals which are iiqected into the well. Such cheiiiicals are injected 
downhole to address a large number of known problems such as for scale inhibition and for the 
prctreatment of the fluid being produced. In accordance witii the present invention, a chemical 
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injectio^^nitoring and control system includes the p^B^ent of one or more sensors 
downhole in the producing zone for measuring the chemical properties of the produced fluid as 
well as for measuring other downhole parameters of int^est. These sensors are preferably 
fiber optic based and are formed from a sol gel matrix and provide a high temperature, reliable 
5 and rdativdy inexpensive indicator of the desired chenical parameter. The downhole chemical 
sensors may be assodated with a network of distributed fiber optic sensors positioned along 
the wellbore for measuring pressure, temperature and/or flow. Surface and/or downhole 
controllers recdve input firom the several downhole sensors, and in response thereto, control 
the injection of chemicals into the brothel. 

1 0 The chemical parameters are preferably measured in real time and on-fine and then used 

to control the amount and timing of the injection of the chemicals into the wellbore or for 
controlling a sur&ce diemical treatment system 

An optical spectrometer may be used downhole to determine the properties of 
downhole fluid. The q)ectn>meter includes a quartz probe in contact with the fluid. Optical 

15 energy provided to the probe, preferably from a downhole source, The fluid properties such as 
the density, amount of oil, water, gas and solid contents aflfert the refiraction of the fight. Hie 
rdracted B^t is analyzed to determine the fluid properties. The spectrometer may be 
permanently installed downhde. 

TTie fiber optic sensors are also utifized to measure formation properties, including 

20 resistivity, formation acoustic velocity. Other measurements may include electric field, 
radiation and magnetic field. Such measurements may be made with sensors installed or placed 
in the wdlbore for monitoring the dcarcd formation parameters. Such sensors are also placed 
in the driH string, particulariy in the bottom hole assembly to provide the desired measurements 



during the drilll^^the wellbore. 

In another system, the fiber optic sensors are used to monitor the health or physical 
condition and/or the operation of the downhole tools. The measurements made to monitor the 
tools include one or more of (a) vibration, (b) noise (c) strain (d) stress (e) displacement (f) 
5 flow rate (g) mechanical integrity (h) conroaon CO erosion © scale (k) parafBn and (1) hydrate. 

Examples of the more important features of the invention have been summarized rather 
broadly in order that the detailed description thereof that follows may be better understood, 
and in order that the contributions to the art maybe appreciated. There are, of course, 
additional feature of the invention that will be described herdnafler and which will form the 
1 0 subject of the daims appended hereto. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a detailed understan<fing of the present invention, reference should be made to the 
15 following detailed description of the preferred embodiments, taken in conjunction with the 
accompanying drawings, in which like elements have been ^ven like numerals, wherdn: 

Figure 1 shows a sdiemadc illustration of a multilateral wellbore systwn and placement 
of fiber optic sensors accor(fing to one embodiment of the present invention, 
2 0 Figure 2 shows a sdiematic illustration of a configurations of wdlbores uang fiber- 

optic sensor arrangements according to the present invention to: (a) to detect and monitor 
compresave stresses exerted on wellbore caangs and formations; (b) determine the 
effectiveness of the injection process and in-situ control of the injection operations, and (c) 
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make acolBc measurements for cross-well tomography Imto generate and/or update 
subsur£ice sdsmic maps. 

Figure 3 is a schematic illustrating both an injection well and a production well having 
sensors and flood front running between the wells and loss through uiuntended fracturing. 
5 Figure 4 is a schematic representation wherein the production wdls are located on 

either side of the injection well. 

Figure 5 is a schematic illustration of a chemical injection monitoring and control 
systeni utilizing a distributed sensor arrangement and downhole chemical monitoring sensor 
system in accordance with one embodiniient of the present invendon; 
10 Figure 6 is a schematic illustration of a fiber optic sensor system for monitoring 

chemi(^ prop^es of produced flmds; 

Figure 7 is a schematic illustration of a fiber optic sol gel indicator probe for use with 
the sensor system of Figure 6; 

Figure 8 is a schematic illustration of a surface treatment system in accordance with 
15 the present invention; and 

Figure 9 is a schematic of a control and monitoring system for the surface treatment 
system of Figure 8. 

Figure 10 is a sdiematic illustration of a wellbore system wherein a 
fluid conduit along a string placed in the wellbore is utilized for activating a hydraulically- 
20 operated device and for monitoring downhole parameters using fiber optic sensors along its 
length. 

Figure 11 shows a schematic diagram of a producing well wherein a fiber optic cable 
vdth sensors is utilized to determine the condition or health of downhole devices and to make 



measurements do^ 




relating to such de\aces and other dovvahoi 




r.eters. 



Figure 12 is a schematic illusiralicn of a wellbcre system wherein electric power is 
generazed downhole utilizing a light cdl for use in operating sensors and de\ices downiiole. 

Figure 13 is a schematic illustration of a wellbore system wherein a perrnaneniJy 
5 instailed electhcally-operated device is monitcred and operated by a fiber opdc based system. 

Figures 14A and 14B shew s method to avoid drilling wellbcres too close lo or into 
each other from a common pladcrm utilizing Fiber optic sensor in the drilling siring. 

Figure 15 is schemadc illustration of a bortomhole^assembly for use in drilling 
wdlbores that utilizes with a number of fiber-optic sensors for measuring various downhcle 
1 0 parameters danng drilling of the wellbores. 



15 and lateral wellbores 16 and 18 formed from the main wellbore 18. For the purpose of 
explanation, and not as any limitadon, the main wellbore 12 is partly fonned in a producing 
formation or pay zone I and partly in a non-produdng formation or dry formation n The 
lateral weiJbore 16 extends from the main wellbore 12 at a juncture 24 into a second producing 
formation III. For the puiposes of illustration, the wellbores herein are shown drilled from 

2 0 land, however, this invention is equally applicable to offshore wellbores. h should be noted 
that all wellbore configurations shown and described herein are to illustrate the concepts of 
present invenuon and shall not be construed to limit the Inventions claimed hcreia 



DETAILED DESCRIPTIQN OF PREFERRED EMBODLMENTS 



Figure 1 shows an exemplary main or primary wellbore 12 formed from the surface 14 



In one application, a number of fiber opdc sensors 40 are place in the wellbore 12. A 



S 



single or a 




ity of fiber optic sensors 40 may be used so as 




the desired number of 



fiber optic sensors 40 in the wellbore 12. As an example, Figure 1 shows two serially coupled 
fiber optic segments 41a and 41b, each containing a plurality of spaced apart fiber optic 
sensors 40. A light source and detector (LS) 46a coupled to an end 49 of the segment 41a is 
5 disposed in the weilbore 12 to transmit light energy to the sensors 40 and to receive the 
reflected fight energy firom the sensors 40. A data acqui^tion and processing unit (TDA) 48a 
(also referred to herein as a "processor'* or "controllei^') may be disposed downhole to control 
the operation of the sensors 40, to process downhole sensor signals and data, and to 
communicate with other equipment and devices, including devices in the wellbores or at the 

10 surface (not shown). 

Alternatively^ a light source 46b and/or the data acquisition and processing unit 48b 
may be place at the surface 14. Siixiiiarly, fiber optic sensor strings 45 may be disposed in other 
wellbores in the system, such as wdlbores 16 and wellbore 18. A sinjgle light source, such as 
the light source 46a or 46b may be utilized for all fiber optic sensors in the various weUbores, 

15 such as shown by dotted line 70. Akemadvdy, multiple light sources and data acquisition units 
may be used downhole, at the surface or in combination. Since the same sensor may make 
diff^ent types of measurements, the data acquisition unit 48a or 48 is programmed to 
multiplex the measurement. Also different types of sensors may be multiplexed as required. 
Multiplexing techniques are know in the art and are thus not described in detail hereia The 

20 data acqiusition unit 46a may be programmed to control the downhole sensors 40 
autonomously or upon recdving conmiand signals from the surfiice or a combinafion of these 
methods. 



The sensors 40 may be installed in the wellbores 12, 16, and 18 before or after 



installing casinf^^ellborcs, such as casing 52 shown installed i^l^wellbore 12. This may 
be accomplished by connecting the strings 41a and 41b along the inade of the casing 52, In 
one method, the strings 41a and 41b may be deployed or installed by robotics devices (not 
shown). The robotics device would move the sensor strings 41a and 41b within the wellbore 
5 12 to the desired location and install them according to programmed instructions provided to 
the robotics device. The robotics device may also be utilized to replace a sensor, conduct 
repairs retrieve the sensors or strings to the surface and monitor the operation of downhole 
sensors or devices and gather data. Alternatively, the fiber optic sensors 40 maybe placed in 
the caang 52 ^nade, wrapped around, or in the casing waU) at the surfece v^e individual 

10 casing sections (which are typically about forty-foot long) are joined prior to conveying the 
casing sections into the borehole. Stabbing techniques for joining casing or tubing sections are 
known in the art and are preferred over rotational joints because stabbing generally provides 
better alignment of the end couplings 42 and also because it allows operators to test and 
inspect optical connections between segments for proper two-way transmission of light energy 

15 through the entire string 41. For coiled tubing applications, tiie sensors may be wrapped on the 
outside or placed in conduit inside the tubmg. light sources and data acquisition uiut may also 
be placed in the coiled tubing prior to or after dq^loyment. 

Thus, in tiie system described in Figure 1, a plurality of fiber optic sensors 40 arc 
installed spaced apart in one or more wellbores, sudi as weUbores 12, 16 and 18. If desired, 

20 each fiber optic sensor 40 can be configured to operate in more than one mode to provide a 
number of different measurements. The light source 46a, and data detection and acquiation 
system 48a may be placed downhole or at the surface. Altiiough each fiber optic sensor 40 
may provide measurements for multiple param^ers, such sensors are still relatively small 

10 



compar< 




idividual commonly used single measurement 




►rs, such as pressure sensors, 



stain gauges, temperature sensors, flow measurement devices and acoustic sensors. This 
enables making a large number of different types of measurements utilizing relatively small 
downhole space. Installing data acquisition and processing devices or units 48a downhole 
5 allows making a laige number of data computations and processing downhole, avoiding the 
need of transmitting lazge amounts of data to the suiface. Installing the light source 46a 
downhole allows locating the source 46a close to the sensors 40, which avoids transmittmg 
light to great distances £t>m the surface thus avoiding loss of light energy. The data from the 
downhole acquidtion system 48a may be transmitted to the surface by any suitable 

10 communication links or method including optical fibers, we connections, electromagnetic 
tdem^ and acoustic methods. Data and signals may be transmitted downhole using the 
same communication links. Still in some applications, it may be desirable to locate the light 
source 46b and/or the data acqui^tion and proces^g system 48b at the sux&ce. Also, in 
some cases, it may be more advantageous to partially process data downhole and partially at 

15 thesurface. 

In the present invention, the fiber optic sensors 40 may be configured to provide 
measur^ents for temperature, pressure, flow, liqiud level displacement, vibration, rotation, 
accd^on, velocity, dhenucal spedes, radiation, pH, humidity, electric fields, acoustic fidds 
and magnetic fidds. 

20 Still referring to Figure 1, any number of conventional sensors, generally denoted 

herdn by numeral 60, may be disposed in any of the wdlbores 12, 16 and 18. Such sensors 
may include sensors for determining resistivity of fluids and formations, gamma rays sensors 
and hydrophones. The measurements fi-om the fiber optic sensors 40 and sensors 60 may be 
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combined to de^^lne the various conditions downhole. For c^Bjile flow measurements 
from fiber optic sensors and the reastivity measurements from conventional sensors may be 
combmed to determine water saturation or to detenrane the oil, gas an water content. 
Alternatively, the fiber optic sensors may be utilized to determine the same parameters. 
5 In one mode, the fiber optic srasors are permanently installed in the wellbores at 

selected locations. In a producing wellbore, the sensors continuously or periodically (as 
programmed) provide the pressure and/or temperature and/or fluid flow measurements. Such 
measurements are preferably made for each produdng zone in each of the wellbores. To 
perform certain types of reservoir analysis, it is required to know the temperature and pressure 
10 build rates in the wellbores. This requires measuring the temperature and pressure at selected 
locations downhole over extended time period after shutting down the well at the sur&ce. In 
the prior art methods, the well is shut down at the surface, a wireline tool is conveyed in to the 
wellbore and positioned at one location in the wdlbore. The toor continuously measure 
temperature and pressure and may provide other measurements, sudi as flow control These 
15 measurements are then utilized to perform reservoir analysis, which may include determining 
the extent of the hydrocarbon reserves remaining in a field, flow characteristics of the fluid 
from the producing formations, water content, etc. 

The above<iescfibed prior art methods do not provide continuous measur«nents while 
the well is produdng and requires spedal wireline tools that must be conveyed downhole. The 
20 present invention, on tiie other hand, provides in-situ measurements \^e the wellbore is 
produdng. The fluid flow infonmation from each zone is used to determine the effectiveness of 
each produdrig zone. Decreasing flow rates over time may indicate problems witii the flow 
control devices, such as screens and sliding sleeves, or clog^g of the perforations and rock 
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matrix neiWe wellbore. This infonnation is used to deterimne the course of aaion, which 
may include fiirther opening or dosing sliding sleeves to increase or decrease the production 
rate, remedial work, such as cleaning or reaming operations, shutting down a paiticular zone, 
etc. The temperature and pressure measurements are used to continually monitor each 
5 production zone and to update reservoir models. To make measurement for detennining the 
temperature and pressure buildup rates, the wellbores are shut down and making of 
measurements continues. This does not require transporting wireline tools to the location, 
which can be very ^en^ve for o&hore weUbores and wellbores drilled in remote locations. 
Further, the in-situ measurements and computed data can be communicated to a central oflace 

10 or to the oflBces of log and reservoir engineers via satellite. This continuous monitoring of 
weDbores allows taking rdatively quick action, whidi can significantly improve the 
hydrocarbon production from the wellbores. The above described measurements may also be 
taken for non-producing zones, sudi as zone II, to sdd in reservoir modding, to determine the 
effect of production from various wellbores on the field in which the wellbores are drilled. 

15 Optical ^)ectrometer5, as desaibed later may be used to determine the constituents of the 
formation fluid and certain chemical properties of such fluids. Presence of gas may be detected 
to prevent blow-outs or to take other actions. 

Figure 2 shows a phirality of wellbores 102, 104 and 106 formed in a field 101 firom 
the earth's surface 110. The wdlbores in figure 2 are configured to describe the use of the 

20 fiber-optic sensor arrangements according to the present invention to: (a) detect compressive 
stresses exerted into wdlbore casings due to depletion of hydrocarbons , or other geolo^cal 
phenomena; (b) determine the effectiveness of injection operations and for in-situ monitoring 
and coritrol of such operations^ and (c) make acoustic measuranents for cross-well 
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tomogr^hy aiw^ll^erate and/or update subsurface seismic map^ 

As an example onfy, and not as any linutation. Figure 2 shows three wdlbores 102, 
104 and 106 formed in a conunon fidd or region of interest 101. For the purpose of 
iUustration, the weDbores 102, 104 and 106 are shown lined with req)ective casings 103, 105 
5 and 107. WeUbore 102 contains a string 122 of fiber-optic sensors 40. TTie signals and data 
between the downhole sensor strings 122 and the surfece 110 are communicated via a two-way 
tdemetiy link 126. TTie casing 103 may be made by coupling or joining tubulars or casing 
sections at the suifece prior to their insertion into the weUbore 102. The casing joints are 
shown by numerals 120a-n, which as indicated are typically about forty (40) feet apart Coiled 

10 tubing may also be used as the caang. 

The wdibore 102 has a production zone 130 fi-om which hydrocaibwis are produced 
via perforations 132 made in the casing 103. The production zone 130 depletes as the fluid 
flows fiom the production zone 130 into the v/eUbore 102. If the production rate is high, the 
rate of fluid depletion in the formations surrounding the production zone 130 may be greater 

15 than the late at which fluids can migrate into the formation to fill the depleted pores. The 
weight of the formation 138 above the production zone exerts pressure 134 on the zone 130. 
If tiw pressure 134 is giater than vtet the rock matrix of the zone 130 can sq>port, it starts to 
collapse, thereby exerting compressive stress on the casing 103. If tiie compresswe stress is 
excessive, the casing 103 may break at one or more of the casmg joints 102a-n. In case of the 

20 coiled tubmg, it may bucUe or coDapse due to stresses. The stresses can also occur due to 
natural geofogical chaijges, such as shifting of the subsurfece strata or due to deletion by odier 
wells in the field 101. 

To detect compresave stresses in the caang 103, the fiber optic sensors 40 may be 
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operated in t^node that provides strain gauge type of measurements, which are then utilized 
to detemune the extent of the compresave stress on the casing 103. Since the sensor string 
122 spans several joints, the system can be used to detennine the location of the greatest stress 
in the caang 103 and the stress distribution along any desired section of the casing 103. This 
5 infonnation may be obtained periodically or continuously during the life of the wellbore 102. 
Sudii monitoring of stresses provides early warning about the casing health or physical 
condition and the condition of the zone 130. This infomiation allows the operator of the 
wellbore 102 to dther decrease the production from the wellbore 102 or to shut down the well 
bore 102 and take remedial measures to correa the problem. 
• 10 The use of the fiber optic sensors to deteraune the eflFectiveness of remedial operations, 

such as fracturing or mjection, will be described while referring to wellbores 104 and 106 of 
Figure 2. Wellbore 104 is shown located at a distance "di"' from the wdlbore 102 and the 
wdlbore 106 at a distance ^^dj" from the wdlbore 104. A string 124 containing a number of 
qpaced dpaii fiber-optic sensors 40 is disposed in the wellbore 104. The length of the string 
15 124 and the number of sensors 40 and their spacing depends upon the spedfic appDcation. The 
agnals and data between the string 124 and a surface equipment 151 are commurucated over a 
two-way tdemetiy or communications link 128. 

For the purpose of illustration and not as any linxltation, the weUbore 106 will be 
utilized for iiqection purposes. The wellbore 106 contains periTorated zone 160. The wellbore 
20 is plugged by a packer or any other suitable device 164 below the perforations to prevent fluid 
flow beyond or downhole of the packer 164. To perfi)nn an injection operation, such as for 
firactuiing the formation around the wellbore 106 or to stimulate the production from other 
wellbores in the fidd 101, such as the wellbore 104, a suitable fluid 166 (such as steam) 
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migrates tow^^e wdlbore 104 and may create a fluid wall K^^This causes the pressure 
across the wellbore 104 and fluid flow from the formation 180 into the wellbore 104 may 
increase. Fracturing of the formation 180 into the weUbore 104 may increase. Additionally, 
the fracturing of the formation 180 generates seismic waves, which generate acoustic energy. 
5 The fiber optic sensors 40 along with any other deared sensors disposed in the wellbore 104 
measure the changes in the pressure, temperature, fluid flow, acoustic signals along the 
wellbore 104, The sensor measurements (signals) are processed to detemune the effectiveness 
of the injection operations. For example, the change in pressure, fluid flow at the wellbore 104 
and the time and amount of injected material can be used to determine the effectiveness of the 

10 injection operations. Also, acoustic agnals recdved at the wellbore provide use&l infonnation 
about the extent of fracturing of the rode matrix of formation 180. Also, the acoustic signal^ 
received at the wdlbore provide usefiil infomiation about the extent of fractuiing of the rock 
matrix for the formation 100. The acoustic signal analysis is used to determine whether to 
inaease or decrease the pressure of the injected fluids 166 or to temtunate the operation. This 

15 method enables the operators to continuously monitor the efiect of the injection operation in 
one wellbore, such as the wellbore 106, upon the other wellbores in the fidd, such as wellbore 
104, 

The sensor configuration shown in Figure 2 may be utilized to map subsui&ce 
formations. In one method, an acoustic source (AS) 170, such as a vibrator or an explosive 
20 charge, is activated at the surface 110. The sensors 40 in the wdlbores 102 and 104 detect 
acoustic signals which travel from the source 170 to the sensors 40 through the formation 180, 
These agnals are processed by any of the methods known in the art to map the subsurface 
formations and/or update the existing maps, which are typically obtained prior to drilling 
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weDbores, su(A as wdlbores 102 and 104. Two dimensional or three dimensional sdsmic maps 
are commonly obtained before drilling wellbores. The data obtained by the above-described 
method is used to update such maps. Updating three dimenaonal or 3D m^s over time 
provides what are refen-ed to in the oil and gas industry as four dimensional or maps. 
5 These maps are then used to determine the conditions of the reseivoirs, to perfoira reservoir 
modeling and to update existing reservoir models. These reservoir models are used to manage 
the oil and gas production from the various wellbores in the field. The acoustic data obtained 
above is also utilized for ooss-well tomography. Also, the acoustic source 170 may be 
disposed (activated) within one or more of the wellbores, such as shown by numeral 170 in 

10 weUbore 104. The acoustic source is moved to other locations, such as shown by dotted box 
170 to take additional measurements. The fiber optic sensors described herein may be 
permanendy d^Ioyed in the wellbores. 

In another embodiment of the invention relating to fi-acturing, illustrated schematically 
in Figure 3, downhole sensors measure strain induced in the formation by tiie injected fluid. 

15 Strain is an important parameter for avoiding exceeding the formation parting pressure or 
fi^cture pressure of the fonnation with the injected fluid. By avoiding the opening of or 
widening of natural pre-existing fi^ctures large unswept areas of the reservoir can be avoided. 
The reason tMs inforawtion is important in the regulation of pressure of the fluid to avoid aich 
activity is that vAen pressure opens fractures or new fractures are aeated there is a patii of 

2 0 much less resistance for the fluid to run through. Since the injection fluid will follow along the 
path of least reastance it would generally mn in the fiactures and around areas of the reservoir 
that need to be swq>t This substantially reduces its efBciency. The situation is generally 
referred to in the art as an "artificially high permeability channel." Another detriment to such a 



condition is the^PbntroUed loss of injected fluids. This result^Poss of oil due to the 
reduced efficiency of the sweep and additionally may function as an economic drain due to the 
loss of expen^ve fluids. 

Figure 3 schematically illustrates the embodiment and the condition set forth 
5 above by illustrating an injection well 250 and a production well 260. Fluid 252 is illustrated 
escaping via the unintended fracture from the fomiation 254 into the overlying gas cap level 
256 and the underijdng water table 261. The condition is avoided by the invention by using 
pressure sensors to limit the injection fluid pressure as described above. The rest of the fluid 
252 is progresang as it is intended to through the formation 254. In order to easily and reliably 

10 determine what the stress is in the formation 54, fiber optic acoustic sensors 256 are located in 
the injection well 250 at various points therdn. The acoustic sensors 256 pick up sounds 
generated by stress in the formation which propagate through the reservoir fluids or reservoir 
matrix to the injection well. In general, higher sound levels would indicate severe stress in the 
formation and should generate a reduction in pressure of tiie injected fluid whetiier by 

15 automatic control or by technidan control. A data acquisition system 258 is preferable to 
render the system extremely rdiable and system 258 may be at the surface where it is illustrated 
in the schenwAic drawing or may be downhole. Based upon acoustic signals received tiie 
systrai of the invention, prefoably automatically, although manually is workable, reduces 
pressure of the iqected fluid by redudng pump pressure. Maximum sweep eflBciency is tiius 

20 obtained 

In yet anotiier embodiment of the invention, as schematically illustrated in 
Figure 4, acoustic generators and recewers are employed to determine whether a fomiation 
which is bifurcated by a fault is sealed along the feult or is permeable along the fault. It is 
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known by^^of ordinaiy skiB in the art that different strata v^m a formation bifurcated by a 
feult may have some zones that flow and some zones that are sealed; this is the illustration of 
Figure 4. Referring directly to Figure 4, injection well 270 employs a plurality of fiber optic 
sensors 272 and acoustic generators 274 which, most preferably, alternate with increasing 
5 depth in the wellbore. In production well 280, a similar arrangement of sensors 272 and 
acoustic generators 274 are positioned. The swisors and generators are preferably connected 
to processors wUch are either downhole or on the surface and preferably also connect to the 
associated production or injection well The sensors 272 can receive acoustic signals that are 
naturally generated in the fomaation, generated by virtue of the fluid flowing tiirough the 

10 forniation from the injection weU and to the production weU and also can recdve signals w 
are generated by signal generators 274. Where signal generators 274 generate signals, tile 
reflected signals that are received by sensors 272 over a period of time can indicate the distance 
and acoustic vokane tiirough which tiie acoustic signals have traveled. This is illustrated in 
area A of Figure 4 iftthat tiie feult line 275 is sealed between area A and area B on the figure. 

15 This is illustrated for purposes of darity only by providing circles 276 along fault line 275. The 
areas of fault line 275 whidi are pemieable are indicated by hash marks 277 through fault line 
275. Since the acoustic signal represented by anrows and semi-curves and indicated by numeral 
278 cannot propagate through the area C which bi&rcates area A from area B on the left side 
of tiie drawing, tiiat signal wiU bounce and it then can be piA The time 

2 0 delay, number and intenaty of reflections and mathematical interpretation which is common in 
the art provides an indication of the lack of pressure transmissivity between those two zones. 
Additionally this pressure transmissivity can be confirmed by the detection by said acoustic 
signals by sensors 272 in tiie production well 280. In the dravwng, the area directly beneatii 
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area A, indicated^^ E, is peimeable to area B through fault l^^^aux the region D in 
that area is pemeable and wiB allow flow of the flood front from the injection well 270 through 
fault line 275 to the production well 2«0. Acoustic sensors and generators can be employed 
here as well since the acoustic signal wiU travel through the area D and, therefore, reflection 
5 intensity to the receivers 272 will decrease. Tune delay will increase. Since the sensors and 
generators are connected to a central procesang unit and to one another it is a ample operation 
to determine that the signal, in fact, travekd from one well to the other and indicates 
penneability throughout a particular zone. By processing the information that the acoustic 
generators and sensors can provide the injection and production wells can run automaticaUy by 
10 detennining where fluids can flow and thus opening and closing valves at relevant locations on 
the injection well and production well in order to flush production fluid in a direction 
advantageous to run through a zone of permeability along the feult. 

Other infotmadon can also be generated by this alternate system of the invention since 
the sensors 272 are dearly capable of receiving not only the generated acoustic signals but 
15 naturally occuning acoustic waveforms arising from both tiie flow of tixc injected fluids as the 
injection well and from tijose arising withm the reservoirs in result of both fluid injection 
operations and araultaneous drainage of tiie reservoir in resulting production operations. The 
preferred permanent deployment status of the sensors and generators of the invention permit 
and see to the measuremoits amuUaneoudy vntii ongoing injection flooding and production 
20 operations. Advancements in both acoustic measurement capabilities and agnal procesang 
while operating tiie flooding of tiie reservoir represents a significant, technological advance in 
tiiat tiie prior art requires cessation of tiie irqisction/production operations in order to monitor 
acoustic parameters downhole. As one of ordinary skill in tiie art will recognize tiie cessation 
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of injectioinTOalts in natural redistribution of the active flood profile due primarily to gravity 
segregation of fluids and entropic phenomena that are not present during active flooding 
operations. This also enhances the possibility of premature breakthrough, as oil migrates to the 
rdative top of the fonnation and the injected fluid, usually water, migrates to the relative 
5 bottom of the formation. Hence, there is a significant possibility that the water will actually 
readi the production weB and thus fiirther pumping of steam or water wll merely run 
underneath the layer of oil at the top of the formation and the sweep of that region would be 
extremdy difficult thereafter. 

In yet another embodiment of the invention fiber optics are employed (similar to those 
10 disclosed in the US. appUcation filed on June 10, 1997 entitled CHEMICAL INJECTION 
WELL CONTROL AND MONITORING SYSTEM under Attorney docket number 97-1 554 
and BHI 197-09539-US which is fiiUy incorporated herein by reference) to d^miine the 
amount of and/or presence of biofouling v/iikm the reservoir by provicfing a culture chamber 
within the injection or production well, wherein light of a predetermined wavelength may. be 
15 injected by a fiber optical cable, irradiating a sample determining the degree to wWch biofouling 
may have occuired. As one of ordinary sldU m the art will recognize, various biofouling 
organisnis wiD have the ability to fluoresce at a given wavelength, that wavelength once 
determined, is usefiil for the purpose above stated. 

Refenring back to Hgure 2, the flood front may also be momtored firom the "bac^ 
20 employing sensors 155 installed in the injection well 106. These sensors provide acoustic 
signals which reflect fi*om the water/oil interface thus providing an accurate picture in a 
moment in time ofthe three-dimensional flood fi-ont Taking real time 4D pictures provides an 
accurate fonmat of the density profile of the fomiation due to the advancing flood fiont. Thus, 
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a particular pn 




the relative advancement of the front 



can 




tely d^nnined by 



the denaty profile changes. It is certanly possible to limit the sensors and acoustic generators 
to the injection well for such a system. However, it is generally more preferable to also 
introduce sensors and acoustic generators in the production well toward which the firont is 
5 mo-wng (as described brfore) thus allovraig an immediate double check of the fluid fi-ont 



interfece and will provide an equally accurate three-dimoiaonal fluid front indicator. The 
indicators from both sides of the front should agree and thus provides an extremely reliable 
indication of location and profile. A conanon processor 151 may be used for procesang data 



Referring now to Figure 5, the (fistiibuted fiber optic sensors of the type desaibdd 
above are also well suited for use in a production well whM^e dienaicals are bong injected 
therdm and there is a resultant need for the monitoring of such a chemical injection process so 
as to optimize the use and effect of the injected chemicals. Chemicals often need to be pumped 

15 down a production well for inMbiting scale, paraffins and the like as well as for other known 
processmg jqjplicafions and pretreatment of the fluids b«ng produced. Often, as diown m 
Figure 5, chenucals are introduced in an annulus 400 between the production tubing 402 and 
the casing 404 of a wdl 406. The diemical injection (shown schenoaticaBy at 408) can be 
accomplished in a variety of known metiiods such as in connection witii a submersible pump 

20 (as shown for example in U.S. Patent 4.582.131, assigned to the assignee hereof and 
incorporated heiwn by reference) or through an auxiliary line assodated widi a cable used wth 
an dectrical submerable pump (such as diown for example in U.S. Patent 5,528,824, assigned 
to the assignee hereof and incorporated hier^ by rderence). 



profile. That is, acoustic generators on the production well will reflect a signal off tiie oil/water 



10 from the wells 102-106. 
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In accoraance with an embodiment of the present invention, one or more bottonihole 
sensors 410 are located in the producmg zone 405 for sen^g a variety of parameters 
associated with the producing fluid and/or interaction of the injected chemical and the 
produdng fluid 407. Thus, the bottomhole sensors 410 will sense param^ers relative to the 
5 chemical properties of the produced fluid such as the potential ionic content, the covalent 
content, pH level, oxygen levels, oiganic precipitates and like measurements. Sensors 410 can 
also measure physical properties associated with the producing fluid and/or the interaction of 
the injected dietnicals and producing fluid such as the oiVwater cut, viscodty and percent 
solids. Sensors 410 can also provide information related to paraflfin and scale build-up, H2S 
10 content and the like. 

Bottomhole sensors 410 preferably commuiucate with and/or are assodated with "a 
plurality of ^stiibuted sensors 412 v^ch are positioned along at least a poition of the 
wdlbore (e.g., preferably the int^ior of the production tubing) for measuring pressure, 
tonperature and/or flow rate as discussed above in connection with Figure 1. The present 
15 invention is also pr^erably assodated with a suiface control and moiutoring system 414 and 
one or more known surface sensors 415 for sensing parameters related to the produced fluid; 
and more particularly for sen^g and momtoring the effectiveness of treatment rendered by the 
iiyected chemicals. The saisors 415 associated with sur&ce system 414 can sense parameters 
related to the content and amount o^ for ^cample, hydrogen sulfide, hydrates, paraffins, water, 
20 solids and gas. 

Preferably, the production wdl disclosed m Figure 5 has associated therewith a so- 
called "'intelligent" downhole control and monitoring system wluch may include a downhole 
computerized controller 418 and/or the aforementioned surface control and monitoring system 
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414. This cont^l^d monitoring system is of the type disclosed il^^ent 5,597,042, which is 
assigned to the asagnee hereof and fully incorporated herdn by reference. As disclosed in 
Patent 5,597,042, the sensors in the "intelligent" production wells of this type are associated 
with downhole computer and/or surface controllers which receive information from the sensors 
5 and based on this information, initiate some type of control for enhancing or optimizing the 
efficiency of production of the well or in some other way effecting the production of fluids 
from the formation. In the present invention, the surface and/or downhole computers 414, 418 
will monitor the effectiveness of the treatment of the injected chemicals and based on the 
sensed information, the control computer will iiutiate some change in the manner, amount or 

10 type of diemical being injected. In the system of the present invention, the sensors 410 and 
412 may be connected remotely or in-situ. 

In a preferred embodiment of the present invention, the bottomhole sensors comprise 
fiber optic chemical sensors. Such fiber optic chemical sensors preferably utilize fiber optic 
probes wWch are used as a sample interface to allow light from the fiber optic to interact with 

15 the liquid or gas stream and return to a spectrometer for measurement The probes are 
typically composed of sol gel indicators, Sol gel indicators allow for on-line, real time 
measurement and control through the use of indicator materials trapped in a porous, sol gel 
derived, glass inatiix. Thin films of this material are coated onto optical components of various 
probe designs to create sensors for process and aivironmental measurements. These probes 

20 provide inaeased sensitivity to chemical spedes based upon characteristics of the specific 
indicator For escample, sol gel probes can measure with great accuracy the pH of a material 
and sol gel probes can also measure for spedfic chemical content. The sol gel matrix is porous, 
and the size of the pores is detennined by how the glass is prepared. The sol gel process can be 
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controlled s<^s to create a sol gd indicator composite with pores small enough to trap an 
indicator in the matrix but laige enough to allow ions of a particular chemical of interest to pass 
freely in and out and react with the indicator. An example of suitable sol gd indicator for use in 
the present invention is shown in Figures 6 and 7. 
5 Referring to Figures 6 and 7, a probe is shown at 416 connected to a fiber optic cable 

418 whidi is in turn connected both to a light source 420 and a spectrometer 422. As shown 
in Figure 7, probe 416 includes a sensor housing 424 connected to a lens 426. Lens 426 has a 
sol gd coating 428 thereon v^ch is tailored to measure a spedfic dolvnhole parameter such as 
pH or is sdected to detect the presence, absence or amount of a particular chemical such as 

10 o)Qrgen,EE2Sorthelike, Attadied to and spaced from lens 426 is a mirror 430. Duringuse, 
light from the fiber optic cable 418 is coUimated by lens 426 whereupon the light pas^ 
through the sol gd coating 428 and sample space 432. The light is then reflected by mirror 430 
and returned to the fiber optical cable. Light transmitted by the fiber optic cable is measured by 
the spectrom^ 422. Spectrometer 422 (as wdl as light source 420) may be located either at 

15 the surface or at some location downhole. Based on the spectrometer measurements, a control 
computer 414, 416 will analyze the measurement and based on this analysis, the chemical 
injection apparatus 408 will diange the amount (dosage and concentration), rate or type of 
chemical bdng injected downhole into the wdL Information from the chemical injection 
apparatus rdating to amount of diemical left in storage, chemical quality levd and the like will 

2 0 also be sent to the control computers. The control computer may also base its control deci^on 
on input recdved from surface sensor 415 relating to the effectiveness of the chcanical 
treatment on the produced fluid, the presence and concentration of any impurities or undesired 
by-products and the like. 
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Aitemati^l^ spectrometer may be utilized to monitor cert^^roperties of downhole 
flmds. The sensor includes a glass or quartz probe, one end or tip of which is placed in amtact 
with the fluid. light supplied to the probe is refrarted based on the properties of the fluid. 
Spectium analysis of the refracted light is used to determine the and monitor the properties, 
5 wMch include the water, gas, oil and soM contents and the density. 

In addition to the bottomhole sensors 410 being comprised of the fiber optic sol gd 
type sensors, distributed sensors 412 along production tubing 402 may also include the fiber 
optic chesmical sensors of the type discussed above. In this way, the chemical content of the 
production fluid may be monitored as it travels up the production tubing if that is desirable. 
10 The permanent placement of the sensors 410, 412 and control system 417 downhole in 

the wdl leads to a significant advance in the field and allows for real time, remote control \>f 
chemical injections into a well without the need for wireline device or other well interventions. 

&i accordance widi the present invention, a novel control and monitoring system is 
provided for use in connection with a treating system for handling produced hydrocarbons in 
15 an oilfidd. Referring to Figure 8, a typical surface treatment system used for treating 
produced fluid in oil fields is shown. As is weU known, the fluid produced firom the weU 
includes a combination of emulsion, oil, gas and water. After these weU fluids are produced to 
the surfece, they are contained in a pipeline known as a "flow line." The flow line can range in 
lengfli from a few feet to several thousand feet. Typically, the flow line is connected directly 
20 into a series of tanks and treatment devices which are intended to provide separation of the 
water in emulsion fi^om the oil and gas. In addition, it is intended th^ the oil and gas be 
separated for transport to the refineiy. 
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The produced fluids flowing in the flow line and the various separation techniques 
which act on these produced fluids lead to serious corro^on problems. Presently, measurement 
of the rate of corrosion on the various metal components of the treatm^t systems such as the 
piping and tanks is accomplished by a number of sensor techniques including wdght loss 
5 coupons, electrical resistance probes, electrochemical - linear polarization techniques, 
dectrochenucal noise techniques and AC impedance techniques. While these sensors are 
usefiil in measuring the corrosion rate of a metal vessel or pipework, these sensors do not 
provide any information relative to the chenucals themselves, that is the concentration, 
characterization or other parameters of chemicals introduced into the treatment system. These 

10 diemicals are inttnduced for a variety of reasons including corrosion inhibition and emulsion 
breakdown, as well as scale, wax, asphaltene, bacteria and hydrate control. 

In accordance vdth an important feature of the present invention, sensors are used in 
chemical treatment systems of the type disclosed in Figure 8 which monitors the chemicals 
themselves as opposed to the eSfects of the chemicals (for ^cample, the rate of corro^on). 

15 Such sensors provide the operator of the treatment system with a real time understand'uig of 
the amount of chemical being introduced, the transport of that chemical throughout the system, 
the concentration of the chenucal in the system and like parameters. Examples of suitable 
soisors vMdi may be used to detect parameters rdating to the chemicals in the treatment 
system include the fiber optic sensor described ^ve \^th reference to Figures 6 and 7. 

20 Ultrasonic absorption and reflection, laser-heated cavity spectroscopy (LIMS), X-ray 
fluorescence spectroscopy, neutron activation spectroscopy, pressure measurement, microwave 
or millimeter wave radar reflectance or absoq)tion, and other optical and acoustic (i.e., 
ultrasonic or sonar) methods may also be used. A suitable microwave sensor for sensing 
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moisture and ol 




^nstituents in the solid and liquid phase influ^Fand effluent streams is 




described in U.S. Patent No. 5,455,5 1 6, all of the contents of which are incorporated herein by 
reference. An example of a suitable apparatus for sensing. using LIBS is disclosed in U.S. 
Patent No. 5,379,103 all of the contents of v^ch are incorporated herein by reference. An 
5 example of a suitable apparatus for sensing LIMS is the LASMA Laser Mass Analyzer 
available from Advanced Power Technologies, Inc. of Washington, D.C. - An example of a 
suitable ultrasonic sensor is disclosed in U. S. Patent 5,148,700 (all of the contents of which are 
incorporated herein by reference). A suitable commerdally available acoustic sensor is sold by 
Entedi Deagn, Inc., of Denton, Texas under the trademark MAPS*. Preferably, the sensor is 
10 operated at a multiplicity offrequendes and agnal strengths. Suitable mfllimeter wave radar 
techniques used in conjunction with the present invention are described in chapter 15 of 
Principles and Applications of Millimeter Wave Radar, edited by N.C. Cunie and C.E. Brown, 
Artech House, Norwood, MA 1987. , 



15 locations, the arrows numbered 500, through 516 indicate those positions where information 
relative to the diemical introduction would be espedally usefid. 

Referring now to Figure 9, the sui&ce treatment system of Figure 8 is shown 
generally at 520. In accordance with the present invention, the chenucal sensors fi.e. 500 - 
516) will sense, in real time, parameters Ci.e., concmtration and classification) related to the 

20 introduced chemicals and supply that sensed infomiation to a controller 522 (preferably a 
computer or microprocessor based controller). Based on that sensed information monitored by 
controller 522, the controller wll instruct a pump or other metering device 524 to maintain, 
vary or otherwise alter the amount of chemical and/or type of chemical bdng added to the 



While the sensors may be utilized in a system such as shown in Figure 8 at a variety of 
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surface treatment system 520. The supplied chemical from tanks 526 can, of course, comprise 
anyr suitable treatment chemical such as those chemicals used to treat corrosion, break down 
emulsions, etc. Examples of suitable corrosion inhibitor? include long chain amines or 
anunodiazofines. Suitable commerdally available chemicals include CronoxO which is a 
5 corrosion inhibitor sold by Baker Petrolite, a division of Baker-Hughes Incorporated, of 
Houston, Texas. 

Thus, in accordance with the control and momtoiing system of Figure 9, based on 
information provided by the chemical sensors 500-516, corrective measures can be taken for 
vaiying the injection of the chemical (couosipn inhibitor, emulsion breakers, etc.) into the 

10 system. The injection point of these chenucals could be anywhere upstream of the location 
bdng sensed such as the location where the comjsion is being sensed. Of course, this injectidn 
point could include injections downhoie. In the context of a corrosion inhibitor, the inhibitors 
work by forming a protective fihn on the metal and thereby prevent water and corro^ve gases 
fix>m corroding the metal sur&ce. Other surface treatment diemicals include emulsion breakers 

15 which break the emuldon and fiicilitate water removal. In addition to removing or breaking 
emulaons, chemicals are also introduced to break out and/or remove solids^ wax, etc. 
Typically, chemicals are introduced so as to provide what is known as a base sediment and 
water (B.S. and W) of less than 1%. 

In. addition to the parameters rdating to the chemical introduction bdng sensed by 

2 O chenucal sensors 500-516, the monitoring and control system of the present invention can also 
utilize known corrodon measurement devices as well including flow rate, temperature and 
pressure sensors. These other sensors are schematically shown in Figure 9 at 528 and 530. 
The present invention thus pn>\ides a means for measuring parameters related to the 
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introduction d^^bnucals into the system in real time and o^^. As mentioned, these 
parameters include chemical concentrations and may also include such chemical properties as 
potential ionic content, the covalent content, pH level, oxygen levels, oiganic precipitates and 
like measurements. Similarly, oil/water cut viscosity and percent solids can be measured as 
5 well as paraflSn and scale build-up, H2S content and the like. The fiber optic sensors described 
above may be used to d^ermine the above mentioned parameter downhole. 

Figure 10 is a schematic diagram of a wellbore system 600 wherdn a common conduit 
is utilized for operating a downhole hydraulically-operated tool or device and for monitoring 
one or more downhole parameters utilizing the fiber optics. System 600 mcludes a wellbore 

10 602 having a surface casing 601 installed a short distance fi-om the surface 604. After the 
wellbore 102 has been drilled to a desired depth. A completion or production string 6061s 
conv^ed into the wdlbore 602. The string 606 includes at least one downhole hydraulically- 
operated device 614 carried by a tubing 608 which tubing may be a drdi pipe, coiled tubing or 
production tubing. A fluid conduit 610 (or hydraulic line) having a desired inner (Uameter 611 

15 is placed or attached cither on the outside of the string 606 (as shown in Figure 10) or in the 
inside of the string in any suitable manner. The conduit 610 is preferably routed at a desired 
location on the string 606 via a u-joint 612 so as to provide a smooth transition for returning 
the condiflt 610 to the surface 604. A hydraulic connection 624 is provided bom the conduit 
610 to the device 614 so that a fluid under pressure can pass from the conduit 610 to the 

20 de>^ce6R 

After the string 606 has been placed or installed at a desired depth in the wellbore 602, 
an optical fiber 612 is pumped under pressure at the inlet 630a from a source of fluid 630. The 
optical fiber 622 passes through the entire length of the conduit 610 and returns to the surface 
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604 via outl< 



lb. The fiber 622 is then optically coupled to 




It source and recorder (or 



detector) (LS/BEQ 640. A data acquisition/signal processor (DA/SP) 642 processes 
data/agnal received via the optical fiber 622 and also controls the operation of the tight source 
and recorder 640, 



Sensors 620 may include temperature sensors, pressure sensors, vibration sensors or any other 



the cable 622 during the manufecturing of the cable 622. The downhole device 614 may be 
any downhole fluid-activated device including but not limited to a valve, a choke, a sliding 

10 sleeve, a perforating device, and a packer, fluid flow regulation device, or any other completion 
and/or production d&Act. The device 614 is activated by supplying fluid under pressu^e 
through the conduit 610, In the embodiment shown herein, the line 610 receives fiber optic 
cable 622 throughout its length and is connected to sur&ce instrumentation 640 and 642 for 
distributed measurements of downhole parameters along its length. The Une 610 may be 

15 arranged downhole along the string 606 in a V or other convenient shape. Alternatively, the 
line 610 may terminate at the device 614 and/or continue to a second de^ce (not shown) 
downhole. the fiber optic sensors also may be disposed on the line in any other suitable manner 
such as wrapping them on the outade of the conduit 610. In the present invention, a common 
line is thus used to control a hydraulical^-controUed device and to monitor one or more 

2 0 downhole parameters along the line. 

During the completion of tiie wellbore 602, tiie sensors 620 provide useful 
measurements relating to thdr associated downhole parameters and the line 606 is used to 
actuate a downhole device. The sensors 620 continue to provide information about tiie 



5 



The optical fiber 622 may include a plurality of sensors 620 distributed along its length. 



fiber optic sensor that can be placed on the fiber optic cable 622. Sensors 620 are formed into 
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downhole panVEfs over time. 

Figure 11 shows a schematic diagram of a producing well 702 that preferably has two 
electric submersible pumps (''ESP") 714, one for pumping the oil/gas 706 to the surface 703 
and the other to pump any separated water back into a formation. The fomiation fluid 706 
5 flows from a producing zone 708 into the wdlbore 702 via perforations 707, Packers 710a 
and 710b installed below and above the ESP 714 force the fluid 706 to flow to the surface 703 
via pumps ESP 714. An oil water separator 750 separates the oil and water and provide them 
to their respective pumps 714a-714b. A choke 752 provides desired back pressure. An 
instrument package 760 and pressure sensor is installed in the pump string 718 to measure 
10 related parameters during production. The present invention utilizes optical fiber with 
embedded sensors to provide measurements of selected parameters, such as temperature, 
pressure, vibration, flow rate as described below. ESP's 714 use large amounts of electric 
power v^ch is supplied from the surface via a power cable 724. Such cables often tend to 
corrode an/or overheated. Due to the high power being carried by the cable 724, electrical 
15 sensors are generally not placed on or along side the cable 724. 

In one embodiment of the present invention as shown in Figure 11, a fiber optic cable 
722 can^g sensors 720 is placed along the power cable 724. The fiber optic cable 702 may 
also be extended below the ESP's 714 to replace conventional sensors in the instrumentation 
package 760 and to provide control ^gnals to the downhole device or processors as described 
2 0 earlier. In one application, the sensors 720 measure vibration and temperature of the ESP 714. 
It is dearable to opmte the ESP at a low temperature and without excessive vibration. The 
ESP 714 speed is adjusted so as to maintain one or both such parameters below their 
predetennined masdmum value or witlun their respective predetemiined ranges. The fiber optic 
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sensors are vSSq in this application to continuously or perioarouy detennine the physical 
condition (health) of the ESP. The fiber optic cable 722 may be ejctended or deployed below 
the ESP at the time of installing the producdon string 718 in the manner described with respect 
to Figure 10. It should be obvious that the use of the ESP is only one example of the 
5 downhole device diat can be used for the purposes of this invention. The present invention 
may be used to continuously measure downhole parameters, to monitor the health or condition 
of downhole devices and to control downhole devices. Any suitable device may be utilized for 
this purpose induding, sliding sleeves, packers, flow control devices etc. 

Figure 12 shows a wellbore 802 with a production string 804 hawig one or more 
10 electrically-operated or opdcallyroperated devices, generally denoted herdn by numeral 850 
and one or more downhole sensors 814. The string 804 includes batteries 812 which provide _ 
electrical power to the devices 850 and sensors 814. The batteries are charged by generating 
power downhole by turbines (not shown) or by suppling power from the surfece via a cable 
(not shown). 

15 In the present invention a light cell 8 10 is provided in the string 804 which is coupled to 

an optical fiber 822 that has one or more sensors 820 associated therewith. A Dght source 840 
at the sui&ce provides light to the light celi 810 which generates electricity wluch charges the 
downhole batteries 812. The Ught cell 810 essentially trickle charges the batteries. In many 
appUcations the downhole devices, such as deuces 850, are activated infi-equendy. Trickle 

20 charging the batteries may be sufl5cient and thus may eliminate the use of other power 
generation devices. In applications reqmring greater power consumption, the light cell may be 
used in conjunction with other conventional power generation devices. 

Alternatively, if the de>ace 850 is optically-activated, the fiber 822 is coupled to die 
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device 850 as simmhy the dotted line 822a and is activated by sn^^ng optical pulses from 
the sur&ce unit SIO. Thus, in the configuration of Figure 12, a fiber optics device is utilized to 
generate electrical energy downhole, which is then used to chaige a source^ such as a battery, 
or operate a device. The fiber 822 is also used to provide two-way communication between 
5 the DA/SP 842 and downhole sensors and devices. 

Figure 13 shows a schematic of a wdlbore system 900 v^erdn a permanently installed 
electrically-operated device is monitored and controlled by a fiber optic based ^stem. The 
system 900 includes a wellbore 902 and an electrically-operated device 904 installed at a 
desired depths which may be a sliding sleeve, a choke, a fluid flow control device, etc. An 

10 control unit 906 controls the operation of the device 904. A production tubing 910 installed 
above the device 904 allows fonnation fluid to flow to the surface 901. During the 
manufacture of the string 911 that includes the device 904 and the tubing 910, a conduit 922 is 
clamped along the l^gth of the tubing 910 with clamps 921. An optical coupler 907 is 
provided at the dectrical control unit 906 which can mate with a coupler fed through the 

15 conduit 922. 

Either prior to or after placing the string 910 in the wellbore 902, a fiber optic cable 
921 is deployed in the conduit 922 so that a coupler 922a at the cable 921 end would couple 
with the coupler 907 of the control unit 906. A light source 990 provides the light energy to 
the fiber 922. A plurality of sensors 920 may be deployed along the fiber 922 as described 
20 before. A sensor preferably provided on the fiber 922 determines the flow rate of formation 
fluid 914 flowing through the device 904. Command signals are sent by DA/SP 942 to activate 
the device 904 >4a the fiber 922. These signals are detected by the control unit 906, which in 
turn operate the device 904. This, in the configuration of Figure 13, fiber optics is used to 
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provide two way communication between downhole devices, sensors and a surface iinit and to 
operate the downhoie devices. 

Figures 14A and 14B show a method monitoring the location of prior wells during 
drilling of a wellbore so as to avoid drilling the wellbqre too close to or into the existing 
5 wellbores. Several wellbores are sometimes drilled from a rig at a single location. This is a 
common practice in offshore drilling because moving large platforms or rigs is not practical. 
Often, thirty to forty wellbores are drilled from a single location. A template is used to define 
the rdative location of the v^eDs at the sur&ce. Figures 14A and 14B show wdlbores 1004- 
1008 drilled from a common template 1005. The template 1005 shows openings 1004a. 

10 1006a, and 1008a as surface locations for the wellborcs 1004, 1006 and 1008 respectively. 
Locations of all other wellbores drilled from the template 1005 are referred to by numeral > 
1030. Figure 14B also shows a lateral or branch wellbore 1010 being drilled from the 
weDbore 1004, by a drill bit 1040. The wellbore 1008 is presumed to be drilled before 
weBbores 1004 and 1010. For the purposes of tiris example, it is assumed that the driller 

15 widies to avoid diillmg the wdlbore 1010 too dose to or onto the wellbore 1008. Prior to 
drilling the wdlbore 1010, a plurality of fiber optic sensors 40 are disposed in the wellbore 
1008. The >^brations of the drill bit 1040 during drilling of the wellbore 1010 generate acoustic 
eneigy, which travels to the wellbore 1008 by a prooessor of the kind described earlier. The 
sensors 40 in the weU bore 1008 detect acoustic signals received at the weB bore 1008. The 

20 recdvedagnals are processed and analyzed to determine the distance of t^^ 

wellbore 1008. The travel time of the acoustic signals from the drill bit 1040 to the sensors 40 
in the wdlbore 1008 provides relativdy accurate measure of such distance. The fiber optic 
temperature sensor measurements are preferably used to correct or compensate the travel time 
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or the underiying for ihe effeas of temperatdrc. The driller ll^ilize this informaiion 

to ensure thai ihe wellbore 1010 is being dnJled at a safe distance from the.wellbore 1008, 
thereby avoiding drilling it too dose or into the wellbore 1008. 

The nber optic sensors described above are especially suitable for use in drill strings 
5 utilized for drilling wellbcres For die purposes of this invention, a "drill string'* includes a 
drilling assembly or bottom hole asscmbiy ("SHA") carried by a tubing which may be dnD pipe 
or coiled tubing. A dnTl bit is anached to the BHA which is rotated by rotating the drill pipe or 
by a mud motor. Figure 15 shows a bottomhoie assembly lOSO baving the drill bit 1040 at one 
end. The bottomhoie assembly 1080 is conveyed by a tubing 1062 such as a drill pipe or a 

IC coiled-tubing. A mud motor 1052 drives the drill bit 1040 attached to the boUom hole end of 
the BHA A bearing assembly 1055 coupled to the drill bit 1040 provides lateral and axial 
support to the drill bit 1040. Drilling fluid 1060 passes through the drilling assembly 1080 and 
drives the mud motor 1052, which in turn rotates the drill bit 1040. 

As described below, a variety of fiber optic sensors are placed in the BEA 1O80, drill 

1 5 bit 1040 and the tubing 1082. Temperature and pressure sensors T4 and P5 are placed in the 
drill bit for monitoring Lhe condition of the drill bit 1040. Vibration and displacement sensors 
VI monitor the vibration of the BHA and displacement sensors VI monitor the lateral and 
axial displacement of the drill shaft and that of the BHA Sensors T1-T3 monitor the 
temperature of the elastomeric stator of the mud moxor 1052, while the sensors PI -P4 monitor 

2 0 differential pressure across the mud motor, pressure of the annulus and die pressure of die fluid 
flowing through the BHA. Sensors V1-V2 provide measurements for the fluid flow through 
the BHA and the wdlbore. Additionally a spectrometric sensors SI of the type described above 
may be placed in a suitable section 1050 of the BHA to measure the fluid and chemical 
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»^^he wellbore fluid fiber optic sensor Rl is usef^o ( 



properties ome wellbore fluid fiber optic sensor Rl is use^ detect radiation. Acoustic 
sa[isors S1-S2 may be placed m the BHA for determining the acoustic properties of the 
formation. Additionally sensors, generally denoted herein as S may be used to provide 
measurements for resistivity, electric field, magnetic field and other measurements that can be 
5 made by the fiber optic sensors, A light source LS and the data acquisition and processing unit 
DA are preferably disposed m the BHA The processing of the signals is preferably done 
downhole, but may be done at the surface. Any suitable two way communication method may 
be used to conununicate between the BHA and the surface equipment, including optical fibers. 
The measurements made are utilized for determining formation parameters of the kind 
10 desaibed earlier, fluid properties and the condition of the various components of the drill string 
including the condition of the drill bit, mud motor, bearing assembly and any other compone'ht 
part of the drilling assembly. 

While foregoing disclosure is directed to the preferred embodiments of the invention, 
various modificatioris will be apparent to those skilled in the art It is intoided that all 
15 variations within the scope and spirit of the appended claini^ 
disclosure. 
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71605003.358 
Claims 

1. A method of monitoring and controlling an injection 
operation, comprising : 

(a) locating in a production well a plurality of 
distributed fiber optic sensors; 

(b) injecting a fluid in an injection well formed 
spaced apart from the production wellbore; 

(c) determining from the fiber optic sensor 
measurements a parameter of the formation between the 
production well and the injection well; and 

(d) controlling the injection of the fluid in 
response to the determined parameter. 

2. The method of claim 1, wherein determining the 
parameter of interest further comprises measuring 
change in pressure or fluid flow at the production well 
and relating it to a time and amount of said injection 
of fluid in the injection wellbore. 

3. The method of claim 1, wherein determining the 
parameter of interest further comprises receiving 

25 acoustic signals indicative of fracturing of the 
formation. 
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